Acidic proteins and nucleic acids such as RNA are most readily ionized in electrospray ionization (ESI) operated in negative-ion mode.
EuroPEAN
JourNAL of MASS SPEctroMEtry the majority of mass spectrometry-based approaches utilizes positively charged ions. for peptide or protein identification, the most commonly used method is collisionally activated dissociation (cAD) [1] [2] [3] [4] of their (M + nH) n+ ions, typically formed by electrospray ionization (ESI). 5, 6 More extensive protein sequence information can be obtained by top-down mass spectrometry [7] [8] [9] [10] [11] [12] using electron capture dissociation (EcD), [13] [14] [15] [16] including the identification and localization of post-translational modifications (PtMs). [17] [18] [19] EcD generally requires precursor ions carrying multiple positive net charges. However, many proteins have isoelectric points (pI) between ~4 and ~6 (figure 1). for such acidic proteins, (M + nH) n+ ion yields from ESI in positive ion mode are typically marginal, 20 but abundant (M -nH) n− ions can be obtained in ESI operated in negative ion mode. 20, 21 for example, we found that ESI in positive ion mode of a 1 µmol L −1 solution at pH 2.5 (in 1:1 cH 3 oH/H 2 o, 1% vol. cH 3 cooH) of an acidic 147 amino acid residue construct, BASP1(D121-216), 21 with a calculated pI value of 4.61, gave no (M + nH) n+ protein ions. In contrast, negative ion mode ESI of the same protein in a basic solution at pH 10.5 (1 mmol L −1 in 1:1 cH 3 oH/H 2 o, 0.1% vol. 1,8-diazabicyclo- [5.4 .0]undec-7-en) produced abundant (M -nH) n− ions. 21 Electron detachment dissociation (EDD) [22] [23] [24] [25] of the (M -23H) 23 − ions of BASP1(D121-216) and the (M -11H) 11− ions of ubiquitin electrosprayed from a similar solution gave 19% and 63% sequence coverage, respectively. 21 Nucleic acids, i.e. rNA and DNA, are another class of biomolecules for which mass spectrometry (MS) can provide detailed sequence information. Most studies use their (M -nH) n− ions, although the generation of (M + nH) n+ ions of nucleic acids by ESI has also been reported. [26] [27] [28] reports in Charge as you like! Efficient manipulation of negative ion net charge in electrospray ionization of proteins and nucleic acids Barbara Ganisl, Monika Taucher, Christian Riml and Kathrin Breuker * Introduction B. Ganisl et al., Eur. J. Mass Spectrom. 17, 333-343 (2011) received: 31 May 2011 n revised: 11 August 2011 n Accepted: 12 August 2011 n Publication: 21 September 2011 OPEN ACCESS the literature 29, 30 and our recent study 31 on cAD and EDD of rNA of up to 61 nucleotides (nt) showed that the negative net charge of (M -nH) n− ions is an important factor in determining the extent of sequence information that can be obtained with the above dissociation methods. for example, cAD of rNA gave full sequence coverage only when precursor ion charge was low (~0.2 negative net charges/nt), 31, 32 whereas EDD of rNA was most effective when precursor charge was high (~0.5 negative net charges/nt). 31 Sequence coverage in EDD of (M -nH) n− ubiquitin ions also increased with increasing precursor ion negative net charge. 33 these observations motivated us to study in more detail the negative ion charge distributions of proteins and nucleic acids from ESI and to examine the effect of various parameters on negative ion net charge.
(M + nH) n+ protein ion net charge can be increased by choice of solvent, 34, 35 the addition of organic acids 35, 36 or "supercharging" compounds 37, 38 to the ESI solution and can be decreased by choice of solvent 39 and the addition of organic bases. 40 Moreover, gas phase ion-neutral 41 or ion-ion reactions 42 and corona discharges 43 can be used to decrease (M + nH) n+ protein ion net charge.
(M -nH) n− protein ions can be electrosprayed from solutions in H 2 o or 1:1 H 2 o/cH 3 oH containing cH 3 cooH, Hcl, NH 4 oH, or mixtures thereof, 20, 44, 45 and their negative net charge can be decreased by gas phase ion-neutral 41 or ion-ion 46, 47 reactions. Abundant (M -nH) n− ions of nucleic acids can be produced from solutions in 1:1 H 2 o/cH 3 cHoHcH 3 with organic bases as additives to the ESI solution, i.e. triethylamine, piperidine, N-methylmorpholine, imidazole, 3,5-dimethylpyrazole, 4-methylpyrazole, or mixtures thereof. 48 reduction of the (M -nH) n− ion net charge can be effected by addition of formic or acetic acid to ESI solutions. 49, 50 However, addition of acid facilitates acid-catalyzed hydrolysis of rNA, 51 which is about four times faster than base-catalyzed hydrolysis. 31 Here, we have tested the use of organic bases (B) spanning a gas-phase basicity (GB) range of ~170 kJ mol −1 as ESI additives (table 1) for the generation of (M -nH) n− ions of proteins and rNA. Moreover, the effect of two ion source parameters, i.e. drying gas temperature and skimmer potential on anion net charge was studied.
Experimental
Experiments were performed on a 7 t fourier transform ion cyclotron resonance (ft-Icr) mass spectrometer (Bruker Daltonics, Austria) equipped with an ESI source. Ion desolvation was assisted by a flow of N 2 gas heated to the "desolvation" temperature indicated. Ions were transferred through two ion funnels into a linear hexapole trap for ion accumulation (0.5 s), a quadrupole operated in rf-only mode and a second linear hexapole trap (accumulation time 0.5 s) floated with Ar gas (flow rate 0.2 L s −1 ; see Scheme 1). collisional activation in the ESI source region utilized increased electrostatic potentials applied to skimmer 1 (Scheme 1). Ion transfer and focusing into the Icr cell used electrostatic ion optical elements. the time-of-flight (tof) between the second linear hexapole trap and the Icr cell was adjusted between 1.2 ms and 2.4 ms in 0.1 ms steps for maximum trapped ion abundance in each experiment, except for the data in figure 3 , which were recorded with an unadjusted tof of 1.2 ms.
Bovine a-lactalbumin (14,186 Da), bovine ubiquitin (8565 Da), equine myoglobin (16,951 Da) and the additive compounds were purchased from Sigma (Austria) and the 22 nt rNA (GGAcG AuAcG cGuGA AGcGu cc, 7095 Da) was synthesized as described by Höbartner et al. 59 HPLc grade methanol and water (18 MΩ) were used as solvents. rNA and a-lactalbumin were desalted using centrifugal concentrators (Sartorius, Austria) as described previously. 32, 60 the disulfide bonds of a-lactalbumin were left intact (no reducing reagents such as dithiothreitol were added). Analytes were electrosprayed (flow rate 1.5 µL min −1 ) from 1 µmol L −1 solutions in 1:1 H 2 o/cH 3 oH using the additive compounds and concentrations listed in table 1. the "compute pI/Mw tool" (http:// www.expasy.ch/tools/pi_tool.html) was used for calculation of theoretical protein pI values. (table 1) , Na + and K + adduction to protein anions was also nearly absent at both lower and higher charge values [figures 2(g)-(m)], consistent with a similar alkali ion displacement mechanism for proteins. figure 3 shows the effect of the temperature of the drying gas on the ion charge distribution. the formation of highly charged ions is generally favored at lower drying gas temperature (120°c), whereas ions of somewhat lower negative net charge were observed at higher temperature (180°c). A possible rationale for this observation is that higher gas temperatures could facilitate proton transfer from evaporated solvent (cH 3 oH and H 2 o) to protein (M -nH) n− ions, thereby reducing protein anion net charge. Moreover, thermal activation could preferentially deplete the more highly charged (M -nH) n− ions by unimolecular dissociation, although this does not appear to be a major factor as evidenced by the minor increase in fragment ion yield when increasing the drying gas temperature from 120°c to 180°c ( figure 3 ). reduction of protein ion net charge by proton transfer from (M + nH) n+ protein ions to evaporated solvent in the electrospray interface region has been reported previously. 39 Deprotonation of (M + nH) n+ and protonation of (M -nH) n− protein ions was observed upon exposure to gaseous bases (ammonia, methylamine, dimethylamine, diethylamine, trimethylamine, triethylamine) and propionic acid, respectively. 41 the (M + nH) n+ protein ion proton transfer reactions with triethylamine (GB, 951 kJ mol −1 ) showed increasing deprotonation with increasing temperature (positive temperature effect), whereas reaction with ammonia (GB, 819 kJ mol −1 ) showed a negative temperature effect. 41 All other bases, exhibiting intermediate GBs, showed positive, negative, or no temperature effects, depending on the protein studied. 41 the effect of temperature on the reaction of (M -nH) n− protein ions with propionic acid showed decreased protonation with increasing temperature, in contrast to the temperature effect observed here ( figure 3 ). ogorzalek-Loo and Smith speculated that the formation of protein ion/base or protein ion/acid clusters in the gas phase could be responsible for different temperature effects on proton transfer from protein ions. 41 clustering of protein anions with the bases listed in table 1 was not observed in any of the ESI spectra here [figures 2(g)-(m) and figure 3 ]. for 22 nt rNA, however, some of the spectra from ESI of solutions containing piperidine, DBu, DBN, or MtBD showed abundant rNA/base cluster ions, as illustrated for DBN in figures 4(a)-(c). these spectra were recorded under the same experimental conditions as other 22 nt rNA spectra that did not show any cluster formation, although we never observed both types of spectra on the same day. this finding is quite puzzling, and we are unable to provide a sound explanation for the occurrence or non-occurrence of cluster ions at this point. Nevertheless, the spectra in figures 4(a) and (b) show that clusters of 22 nt rNA with up to 10 base species can be formed by ESI and that these can be sufficiently stable for detection in the mass spectrometer. Increasing the skimmer potential from −10 V to −50 V [figures 4(a) and , which implies that more "gentle" activation of the cluster ions primarily releases neutral DBN molecules. further increasing the skimmer potential to −85 V, on the other hand, not only dissociated the vast majority of base adducts, but at the same time decreased the average negative net charge to 7.3. ostensibly, further activation also causes dissociation of negatively charged DBN ions, even though DBN does not have any protons that can be considered particularly labile. However, considering the GBs of cH 3 o − (~1570 kJ mol −1 ), 52 Ho − (1605 kJ mol −1 ), 52 and those of aliphatic anions (GB values >1690 kJ mol −1 ), 21 proton transfer from evaporated solvent after dissociation of neutral DBN is more probable.
Results and discussion
A similar, but more pronounced, effect of skimmer potential on average negative net charge was previously reported for 34 nt rNA ions electrosprayed from solutions in 1:1 H 2 o/ cH 3 oH containing 25 mmol L −1 piperidine/25 mmol L −1 imidazole. 31 Increasing the skimmer potential from 0 V to −100 V efficiently dissociated the base adducted rNA ions in favor of (M -nH) n− ions and decreased the average ion net charge from ~11 to ~8, suggesting that a far greater proportion of piperidine than DBN base adducts dissociate from rNA anions in their deprotonated form, leaving the labile amine protons on the multiply deprotonated rNA and thereby lowering rNA net charge. 31 these and the above observations strongly support the notion that ion/additive clusters play an important role in determining (M -nH) n− ion net charge.
figure 5(a) shows the effect of GB of the additive used on the average negative net charge of (M -nH) n− and, when present, their Na + -and K + -adducted ions of 22 nt rNA, a-lactalbumin, ubiquitin and myoglobin from ESI of 1 mmol L −1 solutions in 1:1 H 2 o/cH 3 oH. for all analytes and both skimmer potentials used (−10 V and −50 V), the average charge increased nearly linearly with additive GB. Solution pH, on the other hand, did not show a clear correlation with average anion net charge. for example, the solutions containing DEA, piperidine, or quinuclidine were among those with the highest pH values (~10. the near linear increase of average rNA charge with additive GB [figure 5(a)] and the effect of skimmer potential on average rNA charge discussed above suggest that protonbound dimers of the type rr¢Po 4 − /BH + dissociate in the gas phase to form multiply deprotonated rNA ions, whose final net charge is affected by gas phase ion thermochemistry. the GB of H 2 Po 4 − as a model compound for the phosphates of rNA is 1351 kJ mol −1 , 52 and measured proton affinities (PAs) of (M -H) − ions of rNA and DNA mononucleotides were between 1366 kJ mol −1 and 1382 kJ mol −1 . 64 PA values are typically ~30 kJ mol −1 higher than the corresponding GB values due to the entropy of a free proton gas at 1 bar of 108.95 J (mol K) −1 , 52 which corresponds to a TDS value of 32 kJ mol −1 at 295 K, so the reported PA values of mononucleotide anions agree well with the GB of phosphate. Bohme and co-workers studied gas-phase reactions of multiply deprotonated 6 nt DNA with HBr. 65 Proton transfer from HBr to (M -nH) n− DNA ions was observed for n = 3-5, indicating that the GBs of these ions are higher than that of Br − (1332 kJ mol −1 ), 65 consistent with the above data. the GBs of the additives used here range from 861 kJ mol −1 to 1030 kJ mol −1 (table 1), so that dissociation of all postulated proton bound dimers rr¢Po 4 − ...H + ...B should produce protonated phosphates rr¢Po 4 H and neutral bases B. In quantitative terms, deprotonation of rNA phosphates by dissociation of BH + from rNA phosphates in the gas phase is thermodynamically unfavorable by about 320-490 kJ mol −1 , depending on the additive used.
Negative ion formation in electrospray ionization has been suggested to involve the "electrophoretic" mechanism of droplet charging, 66 in which "preformed" ions in the electrospray solution, under the influence of the applied electric field, migrate towards or away from the taylor cone, 67 depending on their polarity. the phosphate diester groups of rNA have pK a values of ~2, 68 and should be fully deprotonated in solutions at pH 5-10.5 (table  1) . According to the "electrophoretic" mechanism, negatively charged rNA will drift towards the taylor cone in ESI operated in negative ion mode, whereas Na + , K + , and, when present, proto- nated bases BH + , will drift away from it. Subsequent droplet formation then physically separates the rNA anions from bulk solution containing the cations. However, the 22 nt rNA spectra with imidazole or pyrazole as additives [figures 2(c) and (e)] show that a substantial proportion of its 21 negatively charged phosphate diesters carries Na + and K + counter-ions, reducing the negative net charge to an average of 5.5 for imidazole and 8-9 for pyrazole [ figure 2(a) ]. In the presence of protonated bases, BH + can displace Na + and K + as counterions and only residual alkali ions bound to rNA will end up in the negatively charged droplets [figures 2(a), (b), (d) and (f)].
from the above thermochemical considerations, dissociation of each neutral base B from an rNA anion in the gas phase should reduce its negative net charge by 1. However, the continuing increase in average negative net charge with increasing GB of the highly basic (pK a > 10.5, table 1) the GBs of deprotonated amino acid side chains and the backbone amide in proteins were recently estimated to lie between 1424 kJ mol −1 and 1562 kJ mol −1 , and it was proposed that individual sites are deprotonated according to these GB values during (M -nH) n− protein ion formation in ESI. 21 −1 , shows that formation of rco 2 − + BH + is even less probable than formation of rr¢Po 4 − + BH + . this is consistent with the data in figure 5(b) , which generally shows smaller m/z values for rNA than for the proteins. the large difference in average negative net charge of 22 nt rNA and a-lactalbumin, despite their similar pI values (rNA, ~4), 69 also shows that the observed extent of charging cannot be rationalized on the basis of rNA and protein pI values.
It could be hypothesized that proteins with higher relative frequency of carboxylates are more readily deprotonated in ESI operated in negative ion mode. Surprisingly, we observe the opposite effect; the average m/z values [figure 5(b)] are highest for the most acidic protein a-lactalbumin with 17.1% carboxylates per residue and a pI of 4.8 and lowest for the least acidic protein myoglobin with 14.4% carboxylates per residue and a pI of 7.4; ubiquitin has 15.8% carboxylates per residue and a pI of 6.6. this remarkable behavior is also reflected in the average negative net charge per residue [figure 5(c)] which generally increases with decreasing relative frequency of carboxylates. ESI of the 26 residue peptide mellitin, which completely lacks carboxylic acid functionalities, produced abundant and highly-charged (M -4H) 4− ions (m/z 710) with DBu as additive (1 µmol L −1 in 1:1 H 2 o/cH 3 oH, 0.5% vol. DBu at pH 12.5). 21 However, only three proteins were studied here and more experiments are needed to substantiate and rationalize this counter-intuitive phenomenon.
Most notable exceptions to the general trend of increasing charge with increasing GB [figure 5(a)] are the average charge values for 22 nt rNA with imidazole as additive (ESI of a-lactalbumin, ubiquitin and myoglobin with imidazole did not produce any protein anions). Moreover, for the three proteins studied here, piperidine (GB = 921 kJ mol −1 ) generally effected somewhat higher charging than DEA (GB = 919 kJ mol −1 ) and tEA (GB = 951 kJ mol −1 ), even though its gas-phase basicity is comparable to that of DEA, and smaller than that of tEA by 30 kJ mol −1 . Also puzzling is the observation that the addition of piperidine to solutions containing pyrazole or imidazole efficiently suppresses the formation of Na + -and K + -adducted ions, but has only little effect on charge (figure 2).
Conclusions
the extent of charging of rNA and proteins in negative ion mode ESI can be controlled efficiently by the addition of organic bases to the ESI solutions. An increase in additive GB generally results in an increased negative net charge of the rNA or protein ions from ESI, independent of solution pH. However, for suppression of undesired Na + -and K + -adducted ions, solution pH should be ~9.5 or higher. our study provides an instructive basis for manipulation of negative ion net charge in ESI and, at the same time, raises a number of questions relating to the ESI mechanism, which we will address in more detail in future studies.
